A setup for dispersive X-ray absorption spectroscopy (XAS), employing a new reference scheme, has been implemented and tested at the soft X-ray free-electron laser (FEL) FLASH in Hamburg. A transmission grating was used to split the FEL beam into two copies (signal and reference). The spectral content of both beams was simultaneously measured for intensity normalization within the FEL bandwidth on a shot-to-shot basis. Excellent correlation between the two beams was demonstrated within a few percent for single bunch operation at 143 eV photon energy. Applying the normalization scheme, an absorption spectrum of a Gd 2 O 3 thin film sample was recorded around the Gd N 4,5 -edge photon energy of 143 eV, showing excellent agreement with a reference spectrum measured at a synchrotron. This scheme opens the door for time-resolved single-shot XAS with femtosecond time resolution at FELs. X-ray absorption spectroscopy (XAS) is one of the most frequently applied spectroscopic X-ray techniques due to its experimental simplicity and large information content for a variety of fields composing material science, biology, and chemistry [1] [2] [3] . XAS provides element-specific information on the electronic structure which encodes the geometry, symmetries, chemical surrounding, and spin configurations of the interrogated element [4, 5] . Moreover, it has been shown that timeresolved XAS can track ultrafast nuclear and electronic structure dynamics during chemical reactions [6] [7] [8] . Although FELs provide femtosecond X-ray pulses at an unprecedented photon flux [9] [10] [11] ideal to study such ultrafast processes, the application of time-resolved XAS at free-electron lasers (FELs) with femtosecond time resolution is extremely challenging [12] . The reason is that most FELs today are based on the self-amplified spontaneous emission (SASE) process [13] . Due to the stochastic nature of the SASE process, the inherent strong shot-to-shot fluctuations both in intensity and spectral composition lead to a constantly changing spectral fingerprint of the incident beam [14] . At the soft x-ray FEL FLASH the photon pulses exhibit a relative total energy bandwidth of typically dE∕E ≈ 0.5-1% containing typically up to about 20 narrow spikes [15, 16] . To achieve sufficient energy resolution for XAS, the use of a monochromator is required, which greatly amplifies intensity fluctuations, since one of the spikes may or may not hit the chosen energy window. Thus, in order to obtain a quantitative x-ray absorption spectrum, an efficient and proper intensity normalization scheme that would be linear over a large dynamic range is required.
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In this Letter, we report on the implementation of a dispersive XAS method at the PG2 monochromator beamline [17] at FLASH, making use of an advanced reference scheme for normalization. Similar to the approach realized at SACLA [18] and LCLS [19] it employs a diffractive transmission grating (TG) with low line density, where the positive and negative first diffraction orders are used to provide two identical copies of the pulse for single-shot intensity normalization for each spectral sample. While one beam travels through the sample, the other is used as an intensity reference. Alternatively, for time-resolved experiments, both extreme ultraviolet beams can also be transmitted through the sample, while only the interaction point with one of the beams is overlapped with the optical femtosecond pump-probe laser of FLASH [20] . This allows for a proper normalization of pump-laser induced changes of the absorption. Studies of signal and reference beam intensity correlation for different energy bandwidths and photon pulse numbers show excellent correspondence. The potential for XAS is demonstrated for a gadolinium oxide (Gd 2 O 3 ) thin film at one of the gadolinium (Gd) N 4,5 -edge pre-resonances and can be readily extended to perform femtosecond time-resolved XAS (TR-XAS) at FLASH.
A set of diffractive TGs is installed at the PG2 beamline branch behind the monochromator, which disperses the incoming FEL light in the vertical direction (Fig. 1) . The monochromatized FEL radiation is then diffracted in a horizontal direction by the TG. Its diffraction orders enter the permanently installed split-and-delay unit (SDU), [21] which, in this case, is solely used to steer the signal and reference beams independently through the beamline towards the experimental setup, such that they are parallel and separated well enough to allow for inserting a sample into one beam only. Depending on the requirements, different diffraction orders of the TGs can be transported: either the equal intensity 1st order beams (1∕−1) or the more intense 0th-order beam, together with one of the 1st-order beams to compensate for sample absorption to yield similar intensities on the detector. Herein, we show data recorded with an intensified CCD imaging the visible light fluorescence induced by both beams on a Ce:YAG screen in the dispersion plane of the monochromator. We transported the beams to the beamline focus position, where we achieved horizontal separations of several millimeters, limited by the aperture of the differential pumping unit integrated at the end of the beamline.
The diffractive TGs were installed on a manipulator five meters downstream of the monochromator. Their periodicity was chosen as 34 μm, meeting the geometrical requirements for sufficient beam separation while fitting the optical aperture of the beamline. Nine grating bars provide a horizontal aperture size of 0.3 mm, whereas the vertical size was limited to 4 mm by the substrate size. For fabrication of the TGs, a 4 × 4 mm large silicon nitride membrane was coated with a conductive metal layer and a lithography resist. After exposure in an electron lithography tool (Vistec EBPG 5000) and development of the exposed parts, a thin gold film was electrochemically deposited. In a subsequent lithography step, support structures were deposited to ensure the mechanical stability of the grating. Finally, the silicon nitride membrane on the backside was removed in a reactive ion etching step. The resulting structure is a 100 nm thick, free-standing grating with a theoretical ∕−1st-order diffraction efficiency exceeding 20% at 143 eV.
The top of Fig. 2 shows the relative intensity ratio between the 0th-order and ∕−1st order diffraction of the TG measured at a photon energy of 143 eV at the monochromator exit plane [22] without using the SDU. The ratio of each SASE spike in the 1st and 0th diffraction orders is determined as approximately 0.6. This compares to a measured 1st-order diffraction efficiency of 14%. The central image in Fig. 2 shows a single shot of FLASH, where the three beams are separated by the TG in the horizontal direction, while the vertical dispersion plane of the high-resolution monochromator resolves the modes in the SASE spectrum. On the right, we display the spectra of each of the three beams, using the same color coding as in the top panel. The spectra of both the 1st (red dashed line) and −1st (blue line) diffraction order show the strong correlation in intensity and energy between these positive and negative diffraction orders.
In Fig. 3 , we display the intensity correlation in both arms by showing the integral intensity in each of the 1st-order beams. On the left, we integrate over an energy window of 10 meV and obtain a Pearson correlation coefficient of 99.1% across 3000 individual shots. Averaging over a 1 eV energy window increases the Pearson correlation coefficient of this data set to 99.9%, as shown on the right.
In order to estimate how much acquisition time is needed in order to get a certain sensitivity to changes in the XAS spectrum at a given energy bandwidth, we analyze the plots presented in Fig. 3 by fitting a line to the single-shot correlation data. The slope of the line then directly reflects the intensity ratio of both arms, i.e., the transmission of a sample placed into one arm. The zero crossing of this fit is a measure of the different background values in each arm. We consider the relative error (one standard deviation) of the fitted slope as an indicator for In the dispersion plane of the PG monochromator, the vertically dispersed spiky SASE spectral distribution split by the TG into the three described orders is shown. The horizontal separation of approximately 2 mm is determined by the TG design. Bottom, right: the spectral distributions for this shot of the three orders. The black line shows the dominant 0th-order beam, while the overlapping red and blue lines display the spectral distribution in the 1st-order beams.
the sensitivity of the measurement. Figure 4 shows this value color-coded for acquiring multiple pulses and for a given energy bandwidth around 143 eV on logarithmic axes. For example, if the required energy bandwidth is 0.1 eV, we derive that averaging the spectra of 60 shots is sufficient to get below 1% relative error in transmission measurements. To reach below the 0.1% level, about 5000 pulses are required, with an acquisition time as small as one second only, as FLASH produces up to 500 photon pulses per burst at a repetition rate of 10 Hz. Increasing the measurement time by averaging even more shots and increasing the averaged energy bandwidth, improves the sensitivity into the per mille level, as can be seen in Fig. 4 .
To demonstrate the applicability of this normalization scheme to a XAS measurement, a 30 nm thick film of Gd 2 O 3 deposited on a 200 nm parylene N membrane provided by Luxel Corp. was placed into one copy of the beam. The diffracted beam orders, one with a sample and one without it as reference, were projected side-by-side onto the detector. This scheme allows employing the full bandwidth of FLASH for each photon pulse. Figure 5 displays the recorded data as a function of energy. The averaged spectral intensity distribution of FLASH is depicted in Fig. 5(a) and shows a full width at halfmaximum (FWHM) bandwidth of about 0.9 eV (≈0.6%) as expected. The inital FEL pulse duration was around 100 fs (FWHM), which was elongated to ≈180 fs (FWHM) due to the pulse stretching of the grating monochromator. The FEL pulse energy was determined as 5 uJ with 1 mm apertures used in the photon diagnostics section before the PG2 beamline. The extracted transmission spectrum is shown in the bottom left panel of Fig. 5 (symbols with one standard deviation error bars) and compared with a Gd N 4,5 -edge XAS measurement recorded at the PM3 beamline of the synchrotron BESSY-II (solid line). At FLASH, the monochromator dispersion was set to 800 meV/mm, which is dispersed by 15.6 meV per pixel on the camera. Within the bandwidth of FLASH, the agreement is excellent, and small differences can be attributed to potential inhomogeneities of the sample or changes in the sample composition during storage and transport between the facilities under ambient atmosphere.
In summary, we demonstrated a powerful scheme to normalize FEL intensities with high sensitivity, dividing the beam with a TG. This scheme is integrated into the beamline PG2 at FLASH and, thus, can make use of its capabilities to monochromatize and focus the beam, as well as to conduct pumpprobe XAS experiments with femtosecond time resolution. Its specific advantage lies in the possibility to conduct spectroscopy using the full SASE bandwidth of FLASH on a shot-to-shot basis-without scanning the monochromator. The demonstrated high spectral quality and sensitivity to small changes, in combination with the high repetition rate of FLASH, provides ideal conditions to map out large parameter spaces, varying, e.g., pump-probe delay, pump intensity, and wavelength, as well as probe intensity and wavelength. This provides the crucial step towards finally making XAS a standard tool at FELs.
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